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The loaded antenna provides the engineer with threee independent design
variables than a simple linear radiator of the séength. They are: 1) the position of
the load; 2) the resistance of the load; and 3y¢laetance of the load. Thanks to these
additional variables, an efficient antenna can ésighed that is either shorter or longer
than the traditional quarter-wave monopole or adi+e dipole. Further, with frequency
dependent loads, the antenna can be broad bandhoesnwith an unloaded one.

The loaded antenna has many potential applicatees a broad spectrum from
LF through EHF bands. Compared with other rads&atbowever, it is not mentioned at
all in most antenna reference books, and only gbrtexplored in a few. Sergei A.
Schelkunoff briefly outlined a mathematical modehsbd upon transmission line
analogied”. Ronald W. P. King used integral equations to eh@ddipole with a load
exactly at its centdf’. Roger F. Harrington modeled the loaded antersna &avo-port
network (one port being the input terminals and dbi®er being the load position) and
then evaluated the model using the Method of Mostént

In this article, we will develop an original and tim@matically much simpler
model of the loaded antenna, consisting chieflyalgfebraic formulas. These will
provide insight into the physics of operation armbidd lead to innovative designs.
Extensive numerical analysis and an arsenal of coenprograms are not necessary.

In particular, some of the questions our model am$wer include:

1. What are antenna input current and input impedasca function of load
position and load impedance?

2. What combination of design parameters minimizes dfagding wave ratio
along the transmission line connecting the traivee to the antenna?

3. What is the frequency response of a loaded antenna?

Formulas for the Current Along the Antenna

Figure 1 shows the configuration we wish to model. The plax load Z,
divides the antenna into two, not necessarily eqleagths. The total length of the
antenna idy,, and the load is positioned at zhz The two antenna sections may have
different diameters. The transceiver with outpoapédanceR, is connected to the
antenna by a transmission line with characteristpedance equal t&o.
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Figure 1. The loaded antenna provides three more independent design variables (load position,
load resistance and load reactance) than an unloaded antenna of the same length. Shown are
the essential geometry and design parameters.
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The current on each section of the antenna is uperposition of forward and
reverse traveling waves. The current on the upeetion is:
The current on the lower section is:

L (2)=1.e"+1.e" 2

In Equation 1, we have arbitrarily set the compéamplitude of the forward traveling
wave to unity without loss of generality. In Egoas 1 and 2, the wave number is:
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Wherel is the wavelengthf isis the frequency, andlis the velocity of light.

In a recent book, the author used the analogy between antennas and
transmission lines to write down simple formulastfaveling waves of voltage
propagating along the antenna. On the upper sedthe voltage is:

V,(2) = Z,,(e " + Ge™) @)

On the lower section, the voltage is:



Vi(2) =Zy (1% - 1e") ©

I[rfl)]the same book, the author derived simple forsitdathe characteristic impedances
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In Equation 6h is the impedance of free space ani the radius of the antenna section.
The quasi-static wave number g [©);
()

k'=—Kk (7)

In Equation 7gis Euler’s constant (577215...).

In a recent papéf!, the author expanded the analogy between antemuas
transmission lines and derived a simple yet acedcamula for the reflection coefficient

Gin Equation 8:
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In Equation 8, the complex impedarieanodels thentenna end effeett the tip of the
upper section. In many antenna modalss approximated as an open circuit; however,
for lengths greater than a quarter wavelength,apgoximation leads to infinity as the
value for antenna input impedance at integer mekipf half wavelength. While this
value is a good zeroth order approximation, itfisttbe practical use. Instead, a better
and more useful representation Xiis the parallel combination of the radiation
resistance of a virtual annular slot and the ardeamd capacitance:
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In Equation 9, the radiation resistanBe of the virtual annular slot is approximately

112.5 for any antenna radius. The reactance of thecapdcitance is:

1
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In Equation 10e is the permittivity of free space.

So far, we have uniquely specified all of the Valea in the formulas except for
the complex amplitudes and Ig in Equation 2. To determine those, we need two
independent equations, and those are boundarytaonsat the load. First, we require
that the currents on the upper and lower sectiensobtinuous through the load:

1,(h) =1.(h) ay

Second, we require that the voltage and curretiteatoad satisfy the constitutive law of
the impedancé,:

Vl(hl) -V, (hl) = Il(hl)ZL @2

If we apply Equations 1 and 2 to Equations 11 ahdHen, after some algebra, we obtain
formulas for the complex amplitudes of the currerighe lower section. The amplitude
of the forward traveling wave is:

— (ZL +ZOl)(yF B GyR)+Zoz(yF +GyR)
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The amplitude of the reverse or reflected travelimye is:
| :Ji_ G- (ZL +201)(yF B GyR)+ZOZ(J/F +GyR) (L4)
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In Equations 13 and 14, the forward traveling whwetion is:
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The reverse traveling wave function is:
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Antenna Input Current and Input Reactance

Using the derivations of the previous sections iistraight forward procedure to
obtain formulas for the input current and reactaoicthe antenna. From Equation 2, the
input current is:

L, =1L =1, +1, an

The terms on the right side of Equation 17 canvaduated using Equations 13 and 14.

From Equation 5, the antenna input voltage is:

Vi :V1(O)=201(|F B IR) g
The input impedance follows immediately from Eqoas 17 and 18:
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Equation 19 does not include the contribution fr@diation resistance. We will derive a
formula for that in the next section. If the loAdhas a resistive component, however,
then that will show up iZj,. Otherwise Zi, will be completely imaginary, or reactive. In

any case, the antenna input reactance is the imggpart of the right side of Equation

19:
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For antennas shorter than a quarter wavelengtrelfacentained formula is just as
accurate and more convenient:

_7 - jZ,_sinkDcoskh + Z ,coskDcoskh + Z  sinkDsinkh kh, £ p
"™ Z sinkDsinkh + jZ ,coskDsinkh - jZ sinkDcoskh 2
21
In Equation 21,
D=h-h, (22

Equations 20 and 21 join seamlesslklat= o/2.

Figure 2 shows an example of using Equations 20 and 2hltulkate the input
reactance for a monopole with length 3 feet, aiadl ljposition 0.3 feet. The characteristic
impedances for both top and bottom sections ares#me, 300 . Results for two
different reactive loads, one inductive and theesbttapacitive, are shown. It is seen that

the input reactance changes sign twice for theatidel load and once for the capacitive
load.
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Figure 2. The antenna input reactance was computed for a 3-foot monopole with a load
positioned at 0.3 feet. It is seen that the reactance changes sign twice for an inductive load and
once for a capacitive one.



Radiated Electromagnetic Field and Radiation Resisince
The current distribution described by Equationsntl 2 readily determines the
radiated electric fiel:

q
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E =J4—q F(g)
23

In equation 23, theertical radiation characteristic is

F@= 1(@e™dks 9

ki

Equation 24 can be evaluated exactly in terms wipk functions'®; however, with
modern desktop computers, it is quickly evaluatecherically as well. The integration
ranges over both the upper and lower sectionseoéthenna.

From the radiated electric field, the radiated podensity, or Poynting vector, is
readily obtained:

2
S= ‘Eq‘ (25
h
and also the total radiated power:
w P _ (26)
P= d/ Sr’singdg
0 0
For vertical orz-directed wires, using Equations 23 to 25, Equa®6émecomes:
_hr ’
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Finally, the input radiation resistance is:
P h * .
R, =ﬁ=W dgsin’ g|F (g)| (28
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Equation 17 is used to compuiein Equation 28.

Continuing the example from the previous sectibigure 3 shows the input
resistance, calculated using Equation 28, for ad®-monopole, with load impedance
positioned at 0.3 feet. The characteristic impedanf both top and bottom sections is
300 . Itis seen that the choice of inductive or capaeload has a significant effect.
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Figure 3. The antenna input radiation resistance was computed for a 3-foot monopole with a load
positioned at 0.3 feet. There are substantial differences depending upon whether the load is
inductive or capacitive

Standing Wave Ratio

A useful measure of antenna efficiency is the \gd@tar current standing wave
ratio (SWR) on the transmission line that connéaéstransceiver to the input terminals
of the antenna. The lower the SWR, the less pasvesflected back to the transceiver,
and the more power is successfully coupled to titerma. The formula for SWR is:

SWR= _1+‘/" 29)
1-|r|

In Equation 29, the reflection coefficienis:



TR M (30)
R +Z,

In Equation 30R, is the characteristic impedance dnd the length of the transmission
line illustrated in Figure 1. The antenna inpupedanceZa is:

ZA = Rn + jxin (3])
In Equation 31R, andX, are calculated using Equations 28 and 20, respsdygtiv

The standing wave ratio is often expressed in tesfrdecibels, in which case Equation
29 is replaced by:

SWR, =20log,, 1+—H 32)

Continuing the example of the previous two sectidingure 4 shows theSWRg
for a 3-foot monopole with a load positioned at f@&t. The characteristic impedarike
of the feed line is 50 . In addition to the results for inductive anghaeitive loads, the
SWRg for no load, or a short circuit, is also shown.tHe case of no load, it is seen that
the SWRg is a minimum when the monopole is one-quarter wength, as expected. For
nonzero loads, th8WRg is a minimum when the monopole is much longer tbaa
wavelength; however, as will be shown shortly, tbisservation is not a general
conclusion.
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Figure 4. The standing wave ratio was computed for a 50 transmission line connected to the
input terminals of a 3-foot monopole with a load positioned at 0.3 feet. For convenient reference,
the SWR is also shown for an unloaded 3-foot monopole. The load evidently can be used to shift
the “resonant frequency” at which the SWR is minimum.

As expected, the above results change significamtign the position of the load
is changed.Figure 5 shows theSWRg when the load position is 0.6 feet. It is seeat th
the minima for both inductive and capacitive loadsur when the monopole is shorter
than when the load is positioned at 0.3 feet.



Figure 5. When the load position is changed to 0.6 feet, the SWR changes significantly. Not
surprising, the load position is a primary, if not critical, design parameter.

It is evident from the above examples that the lpasition is a significant, if not
critical, design variable. Therefore, it is versetul to know how th&WRg changes as
both load position and frequency are varied sinmgitausly. To that endiigure 6 is a
contour plot ofSWRg as a function of those two variables, for a 3-fmatnopole with an
inductive load of 1,000 . In that plot, red represents valuesSa¥Rg between 0 and 3
dB. Yellow represents 3 to 6 dB. Green represénts12 dB, and gray represents 12 to
30 dB. It is seen that the most desirable (ret)esaoccur in very selected regions of the
plot.



Figure 6. A color contour plot can show how the SWR changes as two design parameters are
varied simultaneously, with a constant inductive load of 1000

For Figure 7, the load has been changed to a capacitive reacta#n-1,000 . The
meaning of the colors is the same. Compared Witjure 6, for this particular
monopole, it is seen that there are more regiotis red values. As we shall see in the
following example, however, this observation shaudd be generalized.



Figure 7. The color contour plot changes significantly for a capacitive load of -1000 . All other
design parameters remain the same. A 50 transmission line is connected to the terminals of a
3-foot monopole.

A Design Example: A Short Loaded Antenna

In many, if not most, design projects, it is alwagsirable to shrink the antenna if
its performance is not compromised. The extrapedeent design variables provided by
the loaded antenna make size reduction practical.

Color contour plots of the sort introduced in thheyious section will prove very
useful, if not indispensable, for this examplEigure 8 shows theSWRg for a 3-foot
monopole operated at 50 MHz, as both load positeord load reactance are
simultaneously varied. For this combination ofgénand frequency, the antenna is only
0.15 wavelength, or 54.8 electrical degrees.



Figure 8. A color contour plot is an essential tool for the design of a short (0.15 wavelength or
54.8 electrical degrees) loaded monopole. This particular example is for a 3-foot antenna at 50
MHz; however, the results scale to 9.1 mm at 5 GHz or to 300 feet at 500 KHz.

From the color contour plot, it is seen that themre a few very isolated red (0 to 3
dB) regions. There are larger, more expansiveoye(B to 6 dB) regions. In all cases,
an inductive load is required, which is not sunpgsfor a short antenna. In particular,
for a load position of 1.4 feet, there are bothaed yellow regions. That seems to be a
good design value to pursue in further detail.

To that endFigure 9 shows the antenna input resistance and reactandbdt
load position, as the load inductive reactancearsed. It is seen that the input reactance
changes sign twice. We expect that8WRg is a minimum when the sign changes.



Figure 9. Following the initial guidance provided by the color contour plot, the antenna impedance
is plotted for a load position of 1.4 feet. It is seen that the reactance changes sign twice. The
SWR will have minima corresponding to those sign changes.

Figure 10 shows theSWRg for the 1.4 foot load position, as the load indrect
reactance is varied. As expected, it is a mininmhen the sign of the antenna input
reactance changes; however, the details of thenmirare very different. For a load
reactance of 391, the minimum is very broad. In contrast, for adaeactance of 1,158

, the minimum is extremely narrow, and probably wety stable or useful. A slight
fluctuation in geometry or load reactance due toperature or other environmental
factor will probably cause thEWRg to increase drastically. So, the combination of a
391 reactance at a position of 1.4 feet is the besigdechoice.



Figure 10. As expected, the SWR exhibits minima corresponding to sign changes in the antenna
reactance; however, the broad minimum will be more stable and realizable than the narrow one.
So the obvious choice in this example is an inductive load of 391

Comparison of Theory with an Existing Practical Antenna

As discussed in the introduction, examples of tedléd transceiving antenna in
the published literature are rare. An exceptiory tm&found in one of the most practical
of references, the American Radio Relay League mraeBook™®. The text and figure
describe a “five-band trap dipole for operationhwit5 feeder.” Each arm of the
antenna is 54 feet long, with a tank circuit lodag8®2 feet from the feed point. The
components of the resonant tank are a 8.2 micrayHemuctor and a 60 picofarad
capacitor. The text elaborates on the performénycgtating that, “dimensions given are
for resonance (lowest SWR) at 3750, 7200, 14,180,29,500 KHz. Resonance is very
broad on the 21 MHz. band, with SWR less than 2:-dughout the band.”
Those dimensions and circuit components were aplie our mathematical model.
Figure 11 shows the resulting SWR. It is seen that the m@noccur almost exactly as
reported in the AARL text. Further, the SWR is smimum in the vicinity of 21 MHz
such that a broad bandwidth is obtained, also ssrithed in the text.



Figure 11. The mathematical model presented in this article confirmed the resonance of a five-
band dipole described in the American Radio relay League Antenna Book. Further, the model
correctly predicted the overall minimum SWR in the vicinity of 21 MHz, where the book describes
that “resonance is very broad.”

Conclusions

In this article, we developed a detailed yet matitgrally simple model of the
linear antenna with an arbitrary impedance loaahadrbitrary position along the radiator.
The loaded antenna provides at least three additiodependent design variables (load
position, load resistance, and load reactance) aoedpwith an unloaded radiator. These
extra variables make possible efficient antennag thay be either short or long
compared with the conventional quarter-wave morpolhalf-wave dipole. If the load
has a prescribed frequency response, then broatldrdannas are also practical. Simple
algebraic formulas were derived for antenna cuyrantenna voltage, input reactance,
input resistance, and standing wave ratio. Tlss i@etric was computed and examined
for a wide range of design variables. Color confgots show that standing wave ratios
of 0-3 dB are readily obtainable for many combioasi of design variables. With careful
use of color contour plots, very compact loadecamas can be designed. We explored
an example in which the antenna was 0.15 wavelerigtls hoped that these new,
practical, formulas will promote innovative desigos an antenna that has been around
for a long time conceptually, but that still hasahwnexplored potential.
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